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A new method for the isolation of ultrast1ucturally preserved
glomeruli. A method is described for the isolation of kidney glomer-
uli using centrifugation in a discontinuous Ficoll gradient. The
method, applied to rats, rabbits, pigs and man, yields a glomerular
fraction of high purity with a tubular contamination of normally
less than 2%. From observations by light microscopy on epoxy
resin-embedded fractions, one-third to one-fourth of the glomeruli
had suffered only slight damage during isolation. In the electron
microscope these best preserved glomeruli showed a close morpho-
logic similarity to those of the intact tissue and preliminary experi-
ments have indicated that they are well-suited for further studies of
the in vitro behavior of isolated, viable glomeruli.
Une nouvelle méthode d'isolement des glomérules respectant leur
ultrastructure. Une méthode d'isolement des glomérules rénaux,
qui utilise une centrifugation en gradient discontinu de Ficoll, est
décrite. La méthode appliquee au rat, au lapin, au pore et a
l'homme permet d'obtenir une fraction glomerulaire de grande
pureté avec une contamination tubulaire habituellement inférieure
a 2%. L'observation en microscopic photonique de fractions in-
cluses dans l'Epon montre qu'um tiers ou un quart des glomérules
ont été trés peu lésés au cours de l'isolement. En microscopic
électronique ces glomérules peu lésés ont un aspect très semblable a
celui obtenu dans Ic tissu intact. Des experiences préliminaires
indiquent que ces glomCrules sont utilisables pour l'étude in vitro
du comportement de glomérules viables isolés.
Many procedures have been described for isolating
glomeruli, mainly for studies of the immunological
characteristics of the glomerulus [1], for metabolic
observations [2, 3] and for chemical analysis of the
glomerular basement membrane [4-8]. The isolation
method has generally involved the disruption of
pieces of kidney cortex by pressing them through a
metal sieve followed by purification of the glomeruli
either by repeated centrifugations [1, 2, 9], or by
pouring the cortical suspension through sieves of dif-
ferent mesh size 13, 8, 10-12]. Other procedures have
employed perfusion of the kidneys with magnetic
iron [5, 13], micromanipulation [14] and combina-
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tions of sieving and centrifugation in gradients
[6, 7, 15].
None of these procedures were, however, consid-
ered suitable for our present investigations of the
metabolism of isolated glomeruli. The sieving pro-
cedures have not, in the author's hands, given a con-
sistently high purity of glomeruli and the other meth-
ods are too time-consuming or involve conditions
incompatible with the in vitro viability of the gb-
merulus. For this reason new procedures were tried
for the isolation of gbomeruli and the results of these
studies form the basis of the present report. A new
and rapid method is described for the isolation of
gbomeruli which does not require advanced equip-
ment and which produces glomeruli in high purity.
The integrity of the glomeruli and their cells after
isolation has been studied by light microscopy and
electron microscopy. The results show that a large
proportion of structurally intact glomeruli can be
obtained.
Methods
Kidney tissue was obtained from young rats of the
Wistar strain weighing approximately 200 g and new-
born rats of the same strain, from adult New Zealand
white rabbits weighing 2200 to 2500 g and from
freshly slaughtered Danish bacon pigs.
The anesthetized rats were perfused via a syringe
needle rapidly inserted through the left ventricle of
the heart into the thoracic aorta with a cold (about
4°C) medium containing the following: NaCl, 8.0 g;
KC1, 0.2 g; NaH2PO4, H20, 0.69 g; and tris buffer,
3.63 g; made up to 1000 ml with distilled water. In
later experiments the solution consisted of NaC1,
5.52 g; KCI, 0.74 g; NaHPO4, 7H20, 0.42 g; NaH2PO4,
H20, 0.08 g; NaHCO3, 1.68 g, CaCl2 0.14 g; and
mono-Na-alphaketo-glutarate, 1.68 g; made up to
1000 ml with distilled water (Maude [16]). Both solu-
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Fig. 1. The discontinuous Ficoll gradient. The interphases are indicated: I) the interphase 23/25%, 2) 20/23% and 3)11/20%, where
most glomeruli were situated. Fig. 2. A survey picture of the glomerular fraction from rat (X30). A few have a piece of vessels from
the vascular pole attached. Dark field. Fig. 3. A lower power view of a 1 i section embedded in epoxy resin and stained with toluidine
blue (X100). Isolated glomeruli from pig. Fig. 4. Glomerulus of type 1 from pig (X600). The general structure is normal. A few
epithelial cells are damaged (arrowheads) but most appear well-preserved (arrows). Fig. 5. Glomerulus of type Ilfrompig(X600). One
lobule (arrow) is disrupted. Many epithelial cells are swollen and empty looking (arrowheads). Fig. 6. Glomerulus of type III from
pig showing a loss of the normal glomerular structure (X600).
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tions were adjusted to pH 7.4. The perfusion was
started immediately and the right atrium of the heart
opened. To obtain sufficient renal perfusion, the
abdominal aorta distal to the renal arteries was
clamped as well as the intestinal arteries. The vessels
to the head were manually compressed. The rabbit
kidneys were perfused with the same media retro-
grade through the abdominal aorta via a syringe
needle inserted proximal to the bifurcation of aorta
and with the inferior caval vein opened to allow
effiux of the perfusion medium. The kidneys from
pigs were excised together with the renal artery
and a piece of the abdominal aorta and the medium
infused into the renal artery. Only well-blanched
kidneys were used.
The cortical tissue was dissected free and cut with a
scalpel into small pieces approximately I to 2 mm in
size. With the aid of a glass spatula, the tissue was
passed through a sieve into a Petri dish placed on ice.
The sieves had a mesh opening of 250 i and consisted
of polytef (Teflon) monofilament nets (Fluortex,
Schweiz. Seidengazefabrik AG Thal, Switzerland)
mounted on a stainless steel ring 10 cm in diameter.
The material from the under-surface of the sieve was
collected with a clean spatula but the sieve was not
washed. The resulting cortical homogenate was sus-
pended in the cold salt solution and centrifuged at
185 X g for one minute excluding acceleration and
deceleration, Plastic tubes were always used to avoid
adhesion of the tissue. The pellet was resuspended in
fresh solution by swirling with a spatula and the
centrifugation repeated three to four times until the
supernatant was clear. At this stage a small amount
of the glomeruli was taken as a control and fixed in
glutaraldehyde for electron microscopy. The tissue
was then fractionated on a discontinuous Ficoll
gradient (Ficoll, Pharmacia Fine Chemicals, Upp-
sala, Sweden) as follows. The pellet was resuspended
and thoroughly mixed by swirling with a spatula in 3
ml of a solution consisting of 27% Ficoll dissolved in
the salt solution kept at 4°C. Layers of Ficoll in
decreasing concentrations were then carefully placed
over this suspension: 2 ml, 23%; 2 ml, 20%; and 3 ml,
11%; to give a total gradient volume of 10 ml. This
size of the gradient was used for an amount of tissue
corresponding to one rat kidney or half a rabbit kid-
ney. After centrifugation at 1150 X g for ten minutes
(excluding acceleration and deceleration), tissue ele-
ments were present in all interphases, in the lower
layer and in the pellet. Successive layers were re-
moved with a Pasteur pipet and diluted with the cold
salt solution. They were then centrifugated at 185 X g
for one minute, the pellet resuspended and the wash-
ing repeated three times. Most glomeruli occurred at
Table 1. Quantitative analysis of the 11/20% interphase tissue by
phase contrast microscopy
Purity
Glomeruli
with capsule'
Glomeruli
without capsul&'
Rat 97—99 (3) 29 71
Rabbit 94—98 (5) 14 86
Pig 97—99 (5) 2 98
aExpressed as percentage of glomeruli of all tissue fragments ob-
served. Number in parenthesis gives the number of experiments.
'Percentage values obtained from one typical experiment with each
animal.
the 11/20% interphase and only this fraction was
used for further microscopic analysis. The purity of
this fraction, i.e., the percentage of glomeruli of all
tissue fragments, was determined in a counting cham-
ber by phase contrast microscopy. The number of
glomeruli counted each time exceeded 200.
Separate experiments were carried out to deter-
mine the recovery of glomeruli. For this purpose the
final preparation of glomeruli from the interphase
11/20% in the gradient was suspended in 2 ml of the
salt solution and thoroughly mixed with a glass spa-
tula. One hundred microliters of the suspension taken
out with a constriction pipet was placed on each of
three glass slides and the number of glomeruli
counted in the phase contrast microscope. From such
counts the total number of glorneruli could be calcu-
lated.
For light and electron microscopy, glomeruli were
fixed with 2% glutaraldehyde buffered with 0.1 M
sodium cacodylate at pH 7.2, postfixed in 1% buf-
fered osmium tetroxide, dehydrated in alcohol and
embedded in epoxy resin (Epon). For light micros-
copy 1 t thick sections with a large surface area
were cut at different levels in a pellet of glomeruli.
The sections were stained with toluidine blue or,
occasionally, with silver methenamine [17]. In each
section 50 to 75 glomeruli were seen. Only glomeruli
with at least three lobuli visible were assessed.
The ultrathin sections were stained with uranyl
acetate and lead citrate and studied in an electron
microscope (JEOL, type JEM 100 B).
Results
Fractionation of the cortical tissue. After
differential centrifugation of the cortical suspension,
Table 2. State of preservation of the glomeruli without capsulea
Group I Group 11 Group Ill
Rat 36 52 12
Rabbit 32 53 15
Pig 39 49 12
aExpressed as percentage of glomeruli without capsule.
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tissue fragments were confined to the interphases of
the gradient, the lower layer and the pellet (Fig. 1).
The interphase 23/25% Ficoll, the layer below and
the pellet contained large tubular and tissue frag-
ments. A few glomeruli were also seen in these frac-
tions but most of them were severely disrupted. The
interphase 20/23% contained mainly small tubular
fragments and some glomeruli. The majority of these
were either damaged or were connected to pieces of
the vessels of the vascular pole. Many had retained
their capsule and a piece of the proximal tubule often
remained attached. Most glomeruli were isolated
from the interphase 11/20% and this fraction was
taken for further preparation. Quantitative analysis
of the tissue in this interphase by phase contrast
microscopy (Fig. 2 and Table 1) showed that in pigs
and rats the contamination of tubule fragments was
less than 2% except in occasional experiments. In the
rabbit glomerular fraction, small tubular fragments
were somewhat more frequent. Most glomeruli had
no capsule but there was a considerable species varia-
tion. An exception was the newborn rats where al-
most all glomeruli had retained the capsule.
The glomerular yield for both rats, rabbits and pigs
varied from 10 to 20% of the total estimated
population taken per kidney as 30,000, 230,000 and
1,200,000, respectively [18].
Light microscopic observations. Light microscopic
observations of large sections of the epoxy resin-
embedded tissue showed that the glomeruli could be
divided into two main groups: glomeruli either with
or without a capsule. A typical survey section is
shown in Fig. 3. The species variation in the
proportion of glomeruli with the capsule preserved
can be seen from Table 1. The capsulated glomeruli
were generally well-preserved but since they have
been reported to be unsuitable for subsequent in vitro
studies [14] they were not further investigated. The
glomeruli without capsules could be divided into
three groups according to the extent to which they
were damaged (Table 2). The most common type of
tissue injury was confined to the epithelial cells, espe-
cially those corresponding to the peripheral part of
the glomerulus. Group I consisted of glomeruli which
appeared to be normal or those which showed only
minor changes (Fig. 4), such as stripping off of a few
epithelial cells. Glomeruli in group II (Fig. 5) had a
normal configuration but the cellular damage was
more pronounced with evidence of disruption or
stripping off of all epithelial cells covering one or two
lobuli. These changes were often associated with
damaged endothelial or mesangial cells which had a
swollen appearance or vacuolated cytoplasm to-
gether with a pycnotic nucleus. Group III included
the more severely damaged and disrupted glomeruli(Fig. 6) which had lost most if not all of their
epithelial cells and showed damage to most
endothelial and mesangial cells. Of the total number
of glomeruli from the interphase 11/20% Ficoll,25 to
38% belonged to group I in the three animals exam-
ined. Of all glomeruli without capsules, about one-
third occurred in group I (Table 2).
Glomeruli investigated before gradient centrifuga-
tion showed the same morphologic characteristics
as those described above and could be divided
into the same groups.
Electron microscopic observations. Electron micro-
scopic examinations were performed principally on
glomeruli in group I, but also on some from groups II
and III. As already indicated the control glomeruli
taken out before the gradient centrifugation were also
studied in the electron microscope. It was clear that
the cellular structure was much better preserved by
perfusion with the salt solution suggested by Maude
[16], and the following description of the ultra-
structure of glomeruli in group I refers to those pre-
pared by this method.
From electron microscopic observations it ap-
peared that the general architecture of the isolated
glomeruli in group I was essentially the same as that
observed in the perfusion-fixed, normal kidney [19]
(Fig. 7).
The epithelial cells were normally well-preserved
(Fig. 8). The cytoplasmic membrane on the free sur-
face of the cells was, however, more irregular than
normal and there were cytoplasmic protrusions
sometimes resembling microvilli. The organelles as
well as the foot processes (Fig. 9) appeared to be
normal and many microfilaments transversed the
cytoplasm. Damaged epithelial cells always appeared
in a small area which was presumed to correspond to
the transition between the visceral and the parietal
epithelium. Apart from this a few, scattered epithelial
cells were swollen and showed an empty looking
cytoplasm.
The normal three-layered structure of the base-
ment membrane was preserved and no ruptures were
seen (Fig. 9).
The endothelial cells exhibited their normal struc-
ture although the cytoplasm at times was swollen and
vaculoated by dilated Golgi vesicles, and cytoplasmic
protrusions were also seen projecting into the lumen.
Thus, the lumen often appeared more irregular and
smaller as compared to perfusion-fixed glomeruli but
part of it always remained open. The fenestrations of
the endothelial cell adjacent to the basement mem-
brane were normal (Fig. 9).
The mesangial cells were well-preserved (Fig. 10)
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Fig. 7. Survey electron microscopic picture of a glomerulus of type Ifrom pig (X1900). The general architecture of the glomerulus is pre-
served and the epithelial cells (Ep) and mesangial cells (M) appear normal. The cytoplasm of some of the endothelial cells (En) is
swollen. The perfusion is not complete, shown by the presence of blood corpuscles in some of the capillaries.
Fig. 8. An epithelial cell at higher magn(fication from a glomerulus of type Ifrom pig (X14,500). Many "microvilli" project Out from the
free surface.
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Fig. 9. High magnification of the glomerular basement membrane from a glomerulus of type I from pig (X60,000). The normal three-layere
structure is retained. The foot processes (Fp) of the epithelial cells appear normal. The fenestrations of the endothelial cell (Fen) are occ
sionally seen with the diaphragm preserved (arrows.
Fig. 10. Mesangial cells of normal appearance from a glomerulus of type I from pig (X 16,500).
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and only occasionally exhibited vacuolation of the
cytoplasm.
The control glomeruli fixed before the gradient
centrifugation appeared the same in the electron mi-
croscope as the purified glomeruli.
Discussion
The method described here for the isolation of
glomeruli is simple and requires no special equip-
ment. It is, furthermore, rapid so that the isola-
tion, including the perfusion, for one rabbit or one
rat can be completed in an hour.
The purity of the glomerular suspension is com-
parable to or better than that obtained in previous
studies. Krakower and Greenspon [I], in experiments
with dogs, reported an average contamination of
1.7%, ranging from 0 to 8.2%. Using rats Fong and
Drummond [9] reported a purity of consistantly
about 95% and Walker [3] obtained "usually more
than 90%." Misra [12] isolated glomeruli from hu-
mans, dogs, rabbits and rats and obtained a purity of
95 to 98% while Spiro [4] prepared isolated glomeruli
from bovine renal cortex and claimed that the con-
tamination was less than 0.2%.
The glomerular yields that have been reported vary
considerably. Richterich and Franz [15] recovered
7% of the glomeruli in their fractions, Fung and
Drummond [9] about 60% and Misra [12], with an
isolation technique using graded sieving, obtained a
yield of 80 to 95%.
Certain details of the procedure described here
were found to influence the yield and purity of the
preparation. The adhesion of the tissue to glass could
be diminished by the use of plastic tubes. If too much
tissue is used for one gradient, both the yield and
purity in the interphase 11/20% decreased. If a large
amount of glomeruli must be obtained, a gradient of
larger volume is recommended. Since the principle of
the method is based upon a difference in specific
gravity between the glomeruli and other cortical tis-
sue fragments, a good perfusion is essential. If the
kidney is not perfused at all, only very few, if any,
glomeruli will be found in the interphase 11/20%. As
it is very difficult to achieve successful perfusion of
human kidneys obtained at autopsy, the method is
not always applicable to this type of tissue. However,
one experiment using a part of a perfused, contra-
lateral kidney from a human donor gave results
similar to those obtained with the experimental
animals.
Very few precise values of the number of
capsulated glomeruli have been given in the literature
and a comparison with earlier studies is therefore
difficult. Krakower and Greenspon [1] had obviously
a large variation in the amount of glomeruli with
capsules and Westberg [8] in experiments with hu-
man kidney obtained at autopsy states that rarely
more than 10% had retained the capsule. Using the
present method we have found that the number of
capsulated glomeruli is rather constant in the same
animal and that there is a considerable species varia-
tion. It is possible that this is due in part to the
difference in sizes of the glomeruli. The average diam-
eter of the decapsulated glomerulus for man and pig
is about 170 as compared to about 65 for adult
rats [20]. One experiment with newborn rats (gb-
merular size, 35 ) resulted in a fraction with almost
entirely capsulated glomeruli. The number of these
capsulated glomeruli is, thus, likely related to mesh
size of the sieve and could possibly be reduced in the
adult rat by using a smaller mesh, for instance, 180
mesh as already suggested by others [2].
From the electron microscope observations of tis-
sue before and after the gradient centrifugation, it is
seen that Ficoll has no visible effect upon the ultra-
structure of the glomerular cells. Ficoll is a synthetic
high polymer made by polymerization of sucrose and
epichlorohydrin with a molecular weight of about
400,000 [21]. Solutions of Ficoll have a very low
osmotic pressure and do not penetrate the cell mem-
brane. This polymer has previously been employed
for tissue fractionation and a method similar in prin-
ciple to that used here has been successfully applied
to pancreatic tissue for the isolation of Islets of Lang-
erhans [22].
Only a few investigations of the ultrastructure of
isolated gbomeruli are available. Buss, Lamberts and
Renner [23], using a graded sieving technique for the
isolation, examined the electron microscopic appear-
ance of the glomeruli using different incubation
media. The best results were obtained with a salt
solution containing 3% dextran after which about
60% of the epithelial cells were intact. However, as
observed in the illustrations, both these cells and the
endothelial cells also often appeared to be swollen
and vacuolated. In agreement with the present find-
ings, it was evident that the epithelial cells were easily
damaged whereas the endothelial and mesangial cells
were more resistant to the isolation procedure. Gre-
goire [24] studied the ultrastructure of glomeruli iso-
lated by a sieving procedure and he concluded that
the endothelial and mesangial cells were well-pre-
served but the epithelial cells showed extensive signs
of damage.
It must be emphasized that the cellular injury
which takes place under the disintegration of the
kidney tissue cannot be estimated completely in a
dissection microscope and by phase contrast micros-
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copy alone. To see the stripping off of single epithelial
cells, it is necessary to cut sections of embedded tis-
sue. From such sections it was possible to show, in
the present study, that about one-third of the decapsu-
lated glomeruli had retained their structure or were
only slightly damaged. The ultrastructure of the iso-
lated glomeruli in group I was satisfactory, the most
obvious change being confined to a swelling of the
cytoplasm of the endothelial cells. These changes are
moderate and experiments in progress [25] have
shown that cellular outgrowth is easily obtained from
the glomeruli after five to six days in culture. This
illustrates that the isolation method yields viable
glomeruli that appear well-suited for further in vitro
investigations of the glomerular cells.
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